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The Hoxa2 gene is an important component of regulatory events during hindbrain segmentation and head development in vertebrates. In this
study we have used sequenced comparisons of the Hoxa2 locus from 12 vertebrate species in combination with detailed regulatory analyses in
mouse and chicken embryos to characterize the mechanistic basis for the regulation of Hoxa2 in rhombomere (r) 4. A highly conserved region in
the Hoxa2 intron functions as an r4 enhancer. In vitro binding studies demonstrate that within the conserved region three bipartite Hox/Pbx
binding sites (PH1–PH3) in combination with a single binding site for Pbx–Prep/Meis (PM) heterodimers co-operate to regulate enhancer activity
in r4. Mutational analysis reveals that these sites are required for activity of the enhancer, suggesting that the r4 enhancer from Hoxa2 functions in
vivo as a Hox-response module in combination with the Hox cofactors, Pbx and Prep/Meis. Furthermore, this r4 enhancer is capable of mediating
a response to ectopic HOXB1 expression in the hindbrain. These findings reveal that Hoxa2 is a target gene of Hoxb1 and permit us to develop a
gene regulatory network for r4, whereby Hoxa2, along with Hoxb1, Hoxb2 and Hoxa1, is integrated into a series of auto- and cross-regulatory
loops between Hox genes. These data highlight the important role played by direct cross-talk between Hox genes in regulating hindbrain
patterning.
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The vertebrate hindbrain is a complex co-ordination center
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doi:10.1016/j.ydbio.2006.10.029tains the nuclei and fibers of the cranial nerves, which control
the cardiovascular and gastrointestinal systems, innervate head
muscles and transmit sensory information on hearing, balance
and taste (Kandel et al., 2000). During embryogenesis the
hindbrain is also an important source of patterning information
that influences the generation of craniofacial structures (Le
Douarin, 1983; Trainor and Krumlauf, 2000, 2001). Regional
diversity in the hindbrain is achieved through a process of
segmentation, whereby neural tissue is transiently divided into
seven segmental units, termed rhombomeres (reviewed in
Keynes and Krumlauf, 1994; Lumsden and Krumlauf, 1996;
Trainor and Krumlauf, 2000). Each rhombomere (r) defines a
lineage-restricted cellular compartment that creates a distinct
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each segment to adopt a unique set of molecular and cellular
properties distinct from its immediate neighbors, which
ultimately gives rise to well-defined regions of the adult
brain.
The ordered expression of Hox genes of paralog groups I–
IV is coupled to the process of hindbrain segmentation and
functional studies in mouse have revealed that the Hox family
of transcription factors play multiple roles in patterning the
regional identity of rhombomeres and their neural crest cell
derivatives (reviewed in Briscoe and Wilkinson, 2004; Keynes
and Krumlauf, 1994; Lumsden and Krumlauf, 1996; Maco-
nochie et al., 1996; Nolte and Krumlauf, in press; Trainor and
Krumlauf, 2000). For example, in the hindbrain Hoxa2 is
expressed in r2–r7 and targeted mutation of Hoxa2 results in
changes in the segmental identity of r2 and r3, along with
defects in second branchial arch neural crest structures
derived from cells emigrating from r4 (Gavalas et al., 1997;
Gendron-Maguire et al., 1993; Rijli et al., 1993). In com-
bination with mutations in other Hox genes (Hoxa1 and
Hoxb2), studies have shown that Hoxa2 participates in
regulating aspects of regional identity in all segments in the
r2–r5 territory (Barrow and Capecchi, 1999; Davenne et al.,
1999; Gaufo et al., 2004; Ren et al., 2002). Therefore,
defining the gene regulatory networks that control the for-
mation and diversity of individual hindbrain rhombomeres
through the Hox genes is essential for deriving a mechanistic
understanding of how pathways that pattern head and ner-
vous system development are integrated.
Regulatory analyses of the Hoxa2 locus have identified
cis-control modules and some of the upstream factors that
mediate its expression in some but not all rhombomeres. In r3
and r5, Krox20 and Sox, in concert with other factors, directly
regulate expression of Hoxa2 and the paralogous Hoxb2 gene
(Maconochie et al., 2001; Nonchev et al., 1996a,b; Sham et al.,
1993; Vesque et al., 1996). A regulatory module mediating
Hoxa2 expression in r4-derived neural crest cells is located
5′ of the gene and depends upon the AP2 family of trans-
cription factors for activity (Maconochie et al., 1999). A
separate 3′ control region directs Hoxa2 expression in cells of
the osteoblast lineage and is dependent upon activation by the
nuclear matrix protein Satb2 (Dobreva et al., 2006; Ellies and
Krumlauf, 2006). While some genomic fragments capable of
mediating reporter expression in r2 and r4 have been found
(Frasch et al., 1995), virtually nothing is known about the
mechanisms and pathways that govern Hoxa2 expression/func-
tion in other segments, such as r4.
Hoxb1 plays a primary role in regulating the regional cha-
racter of r4. In mouse, loss of Hoxb1 results in a failure to
maintain r4 character and a subsequent transformation to an r2
identity (Goddard et al., 1996; Studer et al., 1996). Analyses of
compound mutants, reveals that Hoxb1 and Hoxa1 together
share an additional role in specifying the initial genetic program
of r4 identity (Gavalas et al., 2003; Gavalas et al., 1998; Rossel
and Capecchi, 1999; Studer et al., 1998; Tvrdik and Capecchi,
2006). Regulatory analyses have demonstrated that the expres-
sion of Hoxb1 in r4 is initiated by retinoids (Dupé et al., 1997;Gavalas et al., 2003; Marshall et al., 1992, 1994; Studer et al.,
1998) and maintained by a series of auto-and cross-regulatory
loops between Hoxa1, Hoxb1 and Hoxb2 (Gavalas et al., 2003;
Maconochie et al., 1997; Marshall et al., 1994; Pöpperl et al.,
1995; Studer et al., 1998). In this direct cross-talk between Hox
genes during hindbrain segmentation, the binding and tran-
scriptional specificity of the respective Hox proteins is achieved
in part by interactions with the Pbx and Prep/Meis family of
Hox co-factors (Mann and Affolter, 1998; Moens and Selleri,
2006). Pbx, is the murine homolog of the Drosophila
extradenticle (exd) (Chan et al., 1994; Mann and Chan,
1996), while the Prep and Meis proteins, are homologs of
Drosophila homothorax (hth) (Berthelsen et al., 1998b;
Rieckhof et al., 1997) and both are members of the Tale
(Three amino acid loop extension) homeodomain family. Pbx
can form heterodimers with both Hox and Prep/Meis proteins,
and these distinct heterodimers can then interact to form ternary
Hox–Pbx–Prep/Meis complexes that regulate transcription
(Berthelsen et al., 1998a; Chan et al., 1994; Ferretti et al.,
2000; Rieckhof et al., 1997). Recent evidence has demon-
strated that alternative splicing of hth and Meis transcripts
generates a variant of these proteins that lack the home-
odomain yet retain the ability to cooperate with Hox and Pbx
proteins (Noro et al., 2006). Hence, the DNA binding
properties of the hth/Prep/Meis factors are not essential for
many of their Hox-dependent functions. In Hox genes,
clusters of Hox, Pbx and Prep/Meis binding sites have been
found in auto and cross-regulatory modules involved in
mediating rhombomeric expression and functional studies
have demonstrated that these proteins and regulatory mo-
dules are important for regulating endogenous Hox expres-
sion in the hindbrain (Ferretti et al., 2000, 2005; Jacobs et
al., 1999; Maconochie et al., 1997; Manzanares et al., 2001;
Moens and Selleri, 2006; Pöpperl et al., 1995, 2000; Tvrdik
and Capecchi, 2006; Waskiewicz et al., 2001).
It is unknown whether the expression and function of Hoxa2
in r4 is regulated though the Hoxb1 network or potentiated by a
separate/parallel pathway. To investigate this issue we have
used comparative sequence analysis of the Hoxa2 locus in
vertebrates, in combination with regulatory assays in chicken
and mouse embryos, to identify the control region and trans-
activating factors that mediate its expression in r4. Our findings
help to build a model for a gene regulatory network that inte-
grates the regulatory roles of a combination of Hox genes in
specifying the identity of r4 and underscores the important
role of cross-regulatory mechanisms between Hox genes in
hindbrain patterning.
Materials and methods
Isolation and sequencing of the chicken and bat Hoxa3/2 intergenic
regions
We isolated a chicken 10.4 kb genomic fragment, beginning in the
intron between Hoxa3 exons 1 and 2 and extending 3′ of Hoxa2
(Tümpel et al., 2002). This region was sequenced by sub-cloning and
sequencing individual fragments in combination with finishing by primer
walking.
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from a phage library generated by partial Sau3AI digestion and size
fractionation (15–22 kb) of genomic fragments cloned into BamHI digested
lambda DASHII provided courtesy of Drs. Chris Cretekos and Richard
Behringer (Cretekos et al., 2001). Four positive clones were digested with
BamHI, EcoRI, and XbaI in order to release the genomic fragments and
generate a restriction map. All four clones contained the same genomic
region, which was confirmed by sequencing sub-cloned fragments of these
genomic fragments cloned into Bluescript (Stratagene). Chicken and bat
sequences were assembled by using Staden's Pregap4 and Gap4 software
(Bonfield et al., 1995).
Sequence alignments
The global sequence alignments were performed with MACAW (Schuler
et al., 1991). Alignments were generated by using the sequence from the
Hoxa2 regions of chicken and bat loci which we isolated and from
publicly available database sequences for other species. Local alignments
were performed using the Vector NTI integrated CLUSTAL W (Thompson
et al., 1994) alignment program (Invitrogen). The r4 gene regulatory
network was constructed using the BioTapestry program (Longabaugh et al.,
2005).
Constructs for in vivo analyses in chick and mouse embryos
The highly conserved region of the chicken intron (construct #5) was
isolated by PCR, cloned into Bluescript (Stratagene) using SpeI and XbaI and
then cloned into BGZ40 reporter vector (Maconochie et al., 1997) using the
SpeI and XbaI site. The bat conserved intron sequence (construct #6) was
cloned using PCR from the isolated phage fragments and cloned directly into
BGZ40 using the SacII and NotI sites. The mouse intron (construct #7) was
cloned using PCR, sub-cloned into pGEM-T Easy vector (Promega) and
finally cloned into BGZ40 using the SpeI site. The zebrafish intronic region
(construct #8) was isolated from genomic DNA using PCR, sub-cloned into
pGEM-T Easy (Promega) and cloned into BGZ40 using the SacII and NotI
sites.
Mutant variants of the Hox/Pbx and Prep–Meis sites in the mouse and
chicken Hoxa2 r4 intron enhancer (constructs #9–24) were generated from
the wild type sequences by using the QuickChange site-directed mutagenesis
method (Stratagene) according to the manufacturers instructions followed by
cloning into BGZ40. Constructs containing three multimerized copies of
individual and combined Pre–Meis and Hox/Pbx binding sites (constructs
#25–30) were generated by annealing and ligating double-stranded
oligonucleotides which span the respective sites. The human HOXB1 full-
length cDNA and an eGFP cDNA were sub-cloned into the pcDNA3.1
vector (Life Technologies), which is capable of generating high levels of
expression of inserved genes under control of the cytomegalovirus enhancer/
promoter.
The sequences of the forward and reverse primers used to isolate the
conserved intron region, the primers for site-directed mutagenesis and the
primers used for each site multimer are provided in the tables below. All primer
sequences are listed in the 5′–3′ orientation. All reporter constructs were
verified by sequencing.Oligonucleotides for PCR isolation of conserved regionForward primer sequence Reverse primer sequence#5 GCT ACT AGT AGC CCA
ACT TTC CCG AGT CGAGC TCT AGATTT ATA
TCG GCC ATC GCG CG#6 GCT TCT AGA GAC AAG
CTT GGA ACT TTC CCT
AAC TTG TGTCG CCG CGG CCG GGA
GCA AAA CTT TAT ATT A#7 GCT TCT AGA GCT TCA
ATA GTT TAATAG TAG CGGGA CTA GTC CTC CCC
CGC CGC TGC CAT CAG C#8 ACT TCG ACA GCG
GCA ACC ACGCC ACC ATC AGA AAT
CTC GGOligonucleotides for site-directed mutagenesis
Chicken
PH1 CGC CCC AAC GCG GGATCG TTC GTT TGA GTT GGA
GCT GAC C
PM CCT AGA GCC GGG CTATTT TAG AGT AAT GAA GAG
TGATAG ATT GC
PM+PH2 CCT AGA GCC GGG CTATTT TAG AGT AAT GAA GAG
TCG TAC G
PH2 GCT ATT TGA CAG TAATGA AGA GTC GTA CGT TGC
TCC CGC TCA GCT CG
PH3 GCT CAG CTC GGC GGC TCG TGC GTT AAT TAT CAA
TCG CG
Mouse
PH1 CCC TAA CTT GTG TAATGT AGG ATG ATT TAT TTG AGT
TGG AAC TGA CCT CC
PM GCG GTC TAT CAC TCT TCATTA CTC TAA AAA AGC
CAA ACT CTA
PH2 GCT TTT TGA CAG TAATGA AGA GTC GTA CGC CGC
TCT TGC TCA GCT AAG CAGC
PH3 GCT CTT GCT CAG CTA AGC AGC TCG TGC GTT AAT TAT
AAATTG TGT TGT AGCOligonucleotides for multimerization of PM and PH sitesPH1 GGC CGC AAG CTT AGT GAT AGATTG CTA GTG ATA
GAT TGC TAG TGATAGPM+PH1 GGG GAC AAT CTA TCA CTC TTC ATT ACT GTC ACA
ATC TAT CAC TCTT CAT TAC TGT CAC AAT CTA TCA
CTC TTC ATT ACT GTC AAA GCT TGCPH1 GGC CGC AAG CTT CGG GAT GAT GAT TTA TTT GAG
CGG GAT TTA TTT GAG CGG GAT GAT TTA TTT GAG
TCC CCG CPH3 GGC CGC AAG CTT GGC TGATGC ATT AAT TGG CTG
ATG CAT TAA TTG GCT GAT GCATTA ATT TCC CCG CPM+PH1 GGC CGC AAG CTT TGA CAG TAATGA AGA GTG ATT
TAT TTT GAC AGT AAT GAA GAG TGATTT ATT TTG
ACA GTA ATG AAG AGT GAT TTA TTT TCC CCG CPM+PH3 GGC CGC AAG CTT TGA CAG TAATGA AGA GTG ATG
CAT TAT GAC AGT AAT GAA GAG TGATGC ATT ATG
ACA GTA ATG AAG AGT GAT GCA TTA TCC CCG CChicken embryo electroporation
In ovo electroporation of chicken embryos was performed as previously
described (Itasaki et al., 1999). Circular plasmid DNA of BGZ40 (Maconochie
et al., 1997) derivatives carrying candidate regulatory regions to be tested (0.75–
2 μg/μl) was co-injected with Fast Green and a CMV-GFP (1 μg/μl) control
plasmid into the neural tube of Hamburger–Hamilton (HH) stage 9–11 chicken
embryos. DNAwas subjected to unilateral electroporation into the right side of
the neural tube and the embryos allowed to develop in ovo for a further 15 h,
before harvesting. Embryos were first examined under a fluorescent dissecting
microscope for GFP expression, as an indicator of efficient electroporation and
expression of reporter plasmids. Only those embryos displaying robust GFP
expression on the electroporated side of the hindbrain were further processed for
β-galactosidase activity staining. For each construct, the efficiency of lacZ
reporter expression in r4 was calculated relative to the total number (n) of
electroporated embryos displaying strong control GFP expression.
Transgenic mouse embryos
Transgenic mouse embryos were generated as described previously
(Maconochie et al., 2001; Whiting et al., 1991). Briefly, the inserts of
candidate regulatory regions cloned into the BGZ40 lacZ reporter plasmid
(Maconochie et al., 1997) were first released from the vector by digesting
with appropriate enzymes. Following electrophoretic separation, the inserts
were extracted from agarose using MinElute (Qiagen) and amounts of DNA
quantitated. The DNAs were injected into the pronucleus of fertilized eggs
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reimplanted into CD1 foster animals. F0 embryos were then harvested at 9–
10 dpc and processed for β-galactosidase activity. Yolk sacs of the respective
embryos were used to isolate DNA for genotyping and identifying embryos
carrying the transgene.
Electrophoretic mobility shift assay (EMSA)
Coupled TNT transcription/translation system (Promega) was used, labeled
with 35S-methionine (Amersham), to obtain Pbx1a, Hoxb1 and Prep1 protein.
To ensure the appropriate size, proteins were visualized by SDS–PAGE
followed by autoradiography. The EMSA conditions were the same as described
in Manzanares et al. (2001). Briefly, 2 μl of reticulocyte lysate containing the
desired combinations of in vitro co-translated proteins were incubated in
binding buffer (10 mM Tris–Cl pH 7.5, 75 mM NaCl, 1 mM EDTA, 6%
glycerol, 3 mM spermidine, 1 mM DDT, 0.5 mM PMSF, 1 mg poly-dI/C,
40 ,000 cpm 32P-labeled oligonucleotide) in a total volume of 20 μl. The reaction
was incubated for 30 minutes on ice and then separated by 5% PAGE in 0.5×
TBE. The oligonucleotide sequences used for the EMSA were the following:
PH3 5′-GCT CGG CGG CTG ATG CAT TAA TTA TCA ATC CG; PH1 5′-
CGC GGG ATG ATT TAT TTG AGT TGG AGC TGAC C; and Pbx/Meis PH2
5′-GGC TAT TTG ACA GTA ATG AAG AGT GAT AGA TTG CTC CCGC.
For the mutated versions of the Pbx/Meis and PH2, the following forward
oligonucleotide sequences were used: Mut1, 5′-GGC TAT TTAAGAGTAATG
AAG AGT GATAGATTG CTC CCG C; Mut2, 5′-GGC TAT TTG ACA GTA
ATG AAGAGT CGTACG TTG CTC CCG C. For the PM+PH1, 5′-GGC TAT
TTG ACA GTA ATG AAG AGT GAT TTATTT GAG TTG G, and PM+PH2,
5′-GGC TAT TTG ACA GTA ATG AAG AGT GAT GCA TTA ATT ATC A.Results
Evolutionary comparisons of the Hoxa2 locus and
identification of a Hoxa2 r4 enhancer
To investigate the mechanistic basis for regulation of Hoxa2
expression in r4 of the developing hindbrain we used sequence
comparisons of the locus from a variety of vertebrates in
combination with transgenic regulatory assays in mouse and
chick embryos. We previously identified an enhancer that
mediates r4-restricted expression of Hoxb2 located in the
intergenic region between Hoxb2 and Hoxb3 (Maconochie et
al., 1997). This r4 enhancer is embedded adjacent to another
regulatory module that through Krox20 controls Hoxb2 expres-
sion in r3 and r5 (Nonchev et al., 1996a; Sham et al., 1993;
Vesque et al., 1996). A conserved r3/r5 enhancer has also been
identified in the intergenic region between Hoxa2 and Hoxa3
(Maconochie et al., 2001; Nonchev et al., 1996a, b; Tümpel et
al., 2002). Since the paralogous Hoxa2 and Hoxb2 genes arose
by duplication and divergence from a common ancestral gene
cluster during vertebrate evolution (McGinnis and Krumlauf,
1992), we reasoned that the cis-elements regulating Hoxa2
expression in r4 might be conserved and similarly positioned in
the intergenic region between Hoxa2 and Hoxa3. To explore
this possibility, we cloned and sequenced the intergenic
sequences of Hoxa2/a3 and the exons and intron of Hoxa2
from chicken and bat genomic DNA and compared them with
equivalent regions from other publicly available vertebrate
genomes, including human, mouse, rat, zebrafish, fugu, and
shark (Fig. 1A).
The MACAW sequence alignments reveal that there is
considerable conservation spanning the entire ∼15 kb inter-genic region between Hoxa2 and Hoxa3 in human, mouse, rat
and bat genomes (Fig. 1A). In contrast, in the analogous Hoxa2/
a3 intergenic region in the chicken, zebrafish, fugu and shark
genomes there is only one region conserved with the mammals
and this corresponds to the highly conserved Hoxa2 r3/r5
enhancer (Fig. 1A), previously identified in functional regula-
tory studies (Maconochie et al., 2001; Nonchev et al., 1996a, b;
Tümpel et al., 2002). These alignments suggest several
alternatives with respect to regulation of Hoxa2 in r4 and
other regions of the hindbrain. The r4 elements may: (a) only be
conserved in mammals and not other vertebrates, (b) present in
the intergenic region but not conserved/recognized at the
sequence level, or (c) located outside of the intergenic region.
To distinguish between these possibilities, we cloned fragments
from this intergenic region upstream of a lacZ reporter gene
under the control of a basal human β-globin promoter
(pBGZ40; Maconochie et al., 1997) and scored for regulatory
activity using both in ovo electroporation in chicken embryos
and transgenic mouse assays. A 5150-bp SpeI–NotI fragment
covering most of the chicken intergenic region and part of
exon 1 (construct #1, Fig. 1B) efficiently directed reporter
expression in r3 and r5 (r3/5) of both mouse (Fig. 1C) and
chicken (Fig. 1D) transgenic embryos. Reporter staining was
also observed in somites in the transgenic mouse embryos
(Fig. 1C). The remaining intergenic region upstream of the
SpeI–NotI fragment displayed no regulatory activity, and
similar results were obtained using fragments from the Hoxa2
and Hoxa3 intergenic region of the mouse locus (data not
shown). Therefore, despite the extended conservation of
sequences in mammals, no other measurable rhombomeric
enhancer elements appeared to be present in this intergenic
region, suggesting that r4 control modules are located
elsewhere in the locus or complex.
Extending the sequence comparisons to include the coding
and 3′ flanking regions of the locus we detected a second
conserved region within the intron of Hoxa2 (Fig. 1A). Again
there was more extended conservation between the mammal
genomes than in other vertebrates. To test for the regulatory
potential of this intronic region, an 889 bp NotI–PstI fragment
encompassing the chick intron and parts of exons 1 and 2 was
inserted into a reporter vector (construct #2) and assayed in
transgenic chick and mouse embryos. In transgenic mouse
embryos this chicken fragment mediated weak but reproducible
reporter expression in r4 and strong expression in the lateral
plate mesoderm and somites (Fig. 1E). This same construct
(#2) directs robust staining in r4, when unilaterally electro-
porated into the right side of the neural tube of chick embryos
(Figs. 1F, G). In addition to the domain in r4, this construct also
frequently mediates expression in the neural tube anterior and/
or posterior to r4 (see Fig. 1G), in a manner similar to that seen
with the Hoxb1 and Hoxb2 r4 enhancers assayed by this
method (Ferretti et al., 2005). These results demonstrate that a
region with r4 regulatory activity is located in the Hoxa2
intron.
In order to map the r4 control elements, the fragment con-
taining the chicken Hoxa2 intron and part of the exons was
subdivided into two regions (construct #3 and #4) and evaluated
Fig. 1. Alignment of the Hoxa2 regulatory region and regulatory analysis of the chick Hoxa2 intergenic and coding region. (A) MACAWalignment of the Hoxa2/a3
intergenic and Hoxa2 coding region with different species. Color code on the left shows the correlations between the color in the alignment and the degree of
conservation (0–100%) among the analyzed genomic fragments. Gaps in the alignment show that, for this region, no segments of homology could be found. The red
box represents the location of the previously identified r3/5 enhancer (Nonchev et al., 1996b) and the gray box the overlapping neural crest enhancer (Maconochie et
al., 1999). (B) Delineation of constructs #1 and #2 used in the transgenic mouse and chicken electroporation experiments. Construct #1 is a chicken SpeI–NotI (S and
N) fragment spanning the Hoxa3/2 intergenic region; the NotI–PstI (N and P) fragment (#2) includes the Hoxa2 intron region. (C) Lateral view of transgenic mouse
carrying construct #1 and (E) dorsal view of a mouse embryo-carrying construct #2. Note the strong expression in the somites and weak expression in r4. (D) Dorsal
view of chicken embryos electroporated with constructs #1; (F and G) chick embryos electroporated with construct #2. Note the variation of expression in the neural
tube between these two embryos, including ectopic expression in the forebrain (arrow) S, SpeI; N, NotI; P, PstI; r3, rhombomere 3; r5, rhombomere 5; r4, rhombomere
4; ov, otic vesicle; ncc, neural crest cells.
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(#3) containing part of exon 1 and the 5′ region of the intron
possessed r4 enhancer activity (Fig. 2B), whereas the construct
(#4) with the 3′ region of the intron and part of exon 2 did not
exhibit any reporter activity (Fig. 2C). This is consistent with
the interspecies sequence comparisons, which showed that for
the chicken the highest conservation is positioned in the 5′ end
of the intron (Figs. 1A and 3A). To determine whether the
highly conserved region within the intron is by itself sufficient
to direct reporter expression in r4, it was isolated and linked to
a reporter vector (construct #5). This 173 bp fragment from the
chicken Hoxa2 intron mediated strong reporter staining in r4
(Figs. 2A, D).
The relative position of each conserved region within the
Hoxa2 intron differs to some degree among species (Fig.
3A). The overall size of the intron also varies from 425 bp in
medaka to 645 bp in humans. In mammals, the highlyconserved region is located in the middle of the intron,
whereas in zebrafish, fugu, shark, and chicken, the conserved
regions are located closer to the beginning of the intron (Fig.
3A). Thus during vertebrate evolution, the r4 enhancer of
Hoxa2 has been retained in the intron, but insertions and/or
deletions surrounding it have shifted its relative position
within the intron. To extend the functional analysis, the
homologous region from the Hoxa2 intron of different
species, including bat, mouse, and zebrafish was also tested
for regulatory potential. In each case, the conserved region
was able to direct reporter staining in r4 of electroporated
chick embryos (Figs. 2E–G), although the expression was
frequently weaker for introns from mammals, as compared to
the chicken r4 intronic enhancer (compare Figs. 2D–G).
Together, these results demonstrate that cis-elements sufficient
for segmental expression of Hoxa2 in r4 reside in the
conserved intronic region.
Fig. 2. Identification of the r4 enhancer. (A) Constructs used to identify the r4 enhancer found to be located in the Hoxa2 intron. Constructs #6–8 are derived from the
orthologous region of bat, mouse, and zebrafish Hoxa2 introns. (B–G) Dorsal views of representative chick embryos electroporated with constructs #3–8. Ns, NsII; N,
NotI; P, PstI; r4, rhombomere 4; ov, otic vesicle.
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enhancer of Hoxa2
To begin to identify the specific motifs and underlying
mechanisms involved in regulating r4 expression we
examined this highly conserved region of Hoxa2 for potential
transcription factor binding sites. Detailed comparison of the
aligned intron sequences of 12 different vertebrate species
revealed several blocks with a high degree of sequence
identity between all the species (Fig. 3B). Of particular
interest were three potential Hox/Pbx (PH1–3) sites (blue
boxes) and one potential Prep/Meis (PM) site (red box) (Fig.
3B), because some aspects of segmental regulation of other
genes, including Hoxb1, Hoxb2, EphA2, and Hoxa3, is
dependent upon elements that bind Hox/Pbx and Pbx/Prep–
Meis cofactors (Chen and Ruley, 1998; Ferretti et al., 2000,
2005; Maconochie et al., 1997; Manzanares et al., 2001;
Pöpperl et al., 1995; Studer et al., 1998). The consensus
sequences for the PM and PH1–PH3 sites in this 12 species
alignment are indicated in Fig. 3C. The putative Prep/Meis
site in Hoxa2 is a perfect match to a previously identified
consensus sequence (5′–TGACAG) (Berthelsen et al., 1998a;
Ferretti et al., 2000, 2005) and shows no variation among the
species (Figs. 3B, C).The three putative Hoxa2 PH sites show more variation
than the PM site. The PH1–PH3 motifs are highly conserved
among amniotes (PH1 is identical), but the variation increased
when the sequences of fishes were added to the alignment
(Fig. 3B). Aligning the mouse sequences of the PH1–PH3
sites from Hoxa2 with the PH sites previously found in the
mouse Hoxb1, Hoxb2 and Hoxa3 genes (Maconochie et al.,
1997; Manzanares et al., 2001; Pöpperl et al., 1995) defines a
consensus bipartite sequence (Fig. 3D). The comparison
shows that there are two blocks of conserved sequence. The
first one is a Pbx binding site that includes a highly conserved
5′–TGAT sequence and the second is the Hox binding site,
with the sequence AT prevalent at positions 2 and 3 (Figs. 3C,
D). The Pbx and Hox binding sites overlap by 2 bp, and these
2 bp in the core of the bipartite site are highly variable among
different mouse Hox gene enhancers (Figs. 3C, D). All three
putative PH sites in Hoxa2 show different variations in these
core sequences.
Hoxb1, Prep, and Pbx bind in vitro to the Hoxa2 r4 enhancer
The conservation of the PH1–PH3 and the PM motifs in
the Hoxa2 intronic r4 enhancer suggests that these are
binding sites for interaction with Hox, Pbx and Prep/Meis
Fig. 3. Organization, conservation, and alignment of Hoxa2 control region directing r4 expression. (A) Relative location of the highly conserved region (black boxes)
within the intron in different species. Local alignment is shown in panel B, with potential PH sites (1–3) boxed in blue and the Prep/Meis element boxed in red. The
colors within the sequence alignment indicate the degree of identity: yellow indicates complete conservation of sequence; blue indicates majority of species in which
the bases are conserved. Consensus sequence of each site is shown in panel C. (D) Various Hox/Pbx sites found in Hox target genes are listed and compared with those
identified in Hoxa2.
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important role in directly regulating its own gene expression
and that of Hoxb2 in r4 (Maconochie et al., 1997; Pöpperl et
al., 1995; Studer et al., 1996, 1998) and that ectopic Hoxb1a
expression in zebrafish can trans-activate Hoxa2 expression
(Hunter and Prince, 2002) we tested whether Hoxb1 and its
Pbx, Prep/Meis co-factors are able to bind to the Hoxa2 r4
enhancer elements in vitro. We used double-stranded
oligonucleotide probes spanning the proposed elements in
combination with an established electrophoretic mobility shift
assay (EMSA) (Ferretti et al., 2000, 2005; Manzanares et al.,
2001) to evaluate the ability of these elements to bind Prep,
Pbx, and Hoxb1 proteins (Fig. 4). Binding on the previously
characterized PM and PH sites from Hoxb2 were used as a
control (Fig. 4, lanes 1–3). When a double-stranded
oligonucleotide probe spanning the PM and PH2 sites of
Hoxa2 were incubated in the presence of Pbx1a and Hoxb1
(lane 4) or Prep and Pbx1 (lane 5) a dimer complex was
formed (Fig. 4A). When all three proteins (Hoxb1, Prep and
Pbx1) are present, a ternary complex is detected (lane 6),
which is significant because it has been shown that ternarycomplex formation with these three proteins is capable of
increasing transcription (Berthelsen et al., 1998a). These
results are identical to those found using the Hoxb2 probe
(lanes 1–3).
We next investigated whether mutation of the Hoxa2 PH2
and PM sites has an effect on complex formation (Figs. 4A,
lanes 8–15). Probes in which the Prep/Meis site were mutated
were still able to form the expected dimer complexes between
Hoxb1 and Pbx1a (lane 8) and Pbx1a and Prep (lane 9), but
failed to form a ternary complex when all three proteins were
present (lane 10). Oligonucleotide probes in which the
sequence of the PH2 site was mutated were unable to
mediate complex formation even in the presence of all three
proteins (lanes 12–14). Therefore, the presence of both sites
is necessary for ternary complex formation and the PH2 site
can influence the ability of Pbx1–Prep dimers to form on the
PM site.
Probes encompassing the PH1 and the PH3 sites alone did
not efficiently form dimeric complexes with Pbx and Hoxb1
(data not shown). However, since we found that PM and PH2
can interact to stimulate ternary complex formation (Fig. 4A),
Fig. 4. Electrophoretic mobility shift assays on the different sites of the highly conserved Hoxa2 region. The double stranded oligonucleotide was mixed with different
combinations of Prep1, Pbx1a, and Hoxb1 proteins (noted above the panels). In panel A, lanes 1–3 represent a control experiment with the Hoxb2 Pbx/Hox and Pbx/
Meis binding sites to illustrate ternary complex formation (Ferretti et al., 2000). The relative migration of dimeric and ternary complexes on the respective probes is
indicated on the left. (A) In lanes 4–15, various forms of the Hoxa2 Pbx/Meis and Pbx/Hox sites have been analyzed for their ability interact with protein complexes.
Mut1 and Mut2 are mutant forms of the oligonucleotide in the Hoxa2 Pbx/Meis and PH sites, respectively. (B) In lanes 16–27, the PH1 and PH3 sites of Hoxa2 were
analyzed in combination with the PM site.
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adjacent PM site because the distance between functional PM
and PH sites can be highly variable in different enhancers.
Therefore, we generated double-stranded oligonucleotide
probes that combined PH1 or PH3 with the PM site and
assayed for binding properties (Fig. 4B). Probes containing
PM+PH1 or PM+PH3 displayed the ability to form dimeric
complexes with Hoxb1 and Pbx (lane 18) or Pbx and Prep
(lane 24) proteins and they also formed a Prep–Pbx–Hoxb1
ternary complex (Fig. 4B, lanes 20, 26). This shows that the
PM site is able to facilitate Hoxb1 and Pbx interactions on the
PH1 and PH3 sites. These binding analyses suggest that all
three PH sites are capable of interacting with the PM site in
vitro and that the combination of these PH and PM sites
facilitates the formation of a ternary Hoxb1–Pbx–Prep/Meis
complex which potentiates enhancer activity.
In vivo analysis of the Hoxa2 r4 enhancer elements in chick
and mouse embryos
To test the importance of these PH1–PH3 and PM sites in
vivo, we performed site-directed mutagenesis experiments and
compared the enhancer activity of different mutant and wild
type elements using either chick embryo electroporation or
transgenic mouse embryo assay systems (Fig. 5). For the
experiments in chicken embryos, we used the conserved
chicken intron region (construct #5) as the basis for the
deletion/mutation experiments (constructs #9–19, Fig. 5), asthis fragment was capable of robustly (89%) generating r4
expression (Figs. 2D and 6A). Individual mutation of any one
of the three PH sites affected the efficiency and specificity of
expression in r4 (constructs #10–12, Figs. 5 and 6C).
Deletion of the PH2 (construct #11) has the greatest effect,
reducing the percentage of embryos showing r4 expression to
22%, whereas deleting PH1 (construct #10) or PH3 (construct
#12) reduce efficiency from 89% to 45% and 35%,
respectively. Deletion of the Pbx/Meis site (construct #9)
also led to a reduction (to 63%) in the efficiency of embryos
displaying r4 expression (Figs. 5 and 6B). Deleting pair wise
combinations of the PH sites or the PH and PM sites
(constructs #13–19) resulted in further reductions of r4
reporter activity, compared with the individual mutations
(Figs. 5 and 6D). Deleting the PM, PH2 and PH3 sites
(construct #19) resulted in the complete loss of r4 enhancer
activity (Figs. 5 and 6E). This implies that the PM and all
three PH binding sites contribute to r4 activity of the chicken
Hoxa2 enhancer, with the PH2 site playing the most
predominant role in the regulatory activity.
In a transgenic mouse assay, we used the comparable
mouse intron fragment (construct #7, Fig. 2A, F), as the basis
for the mutation analyses of selected PH and PM elements
(Fig. 5). Deleting the PH2 site (construct #21) reduces the
efficiency of r4 enhancer activity to 50% (Figs. 5 and 6G).
Deleting the PM site in combination with PH2 (construct #22)
did not result in further reduction of r4 enhancer activity
(Figs. 5 and 6H), which was different in comparison with the
Fig. 5. Analysis of PH and Pbx/Meis sites in chicken and mouse. Diagram shows
mutation of each site or in various combinations in the chicken Hoxa2 intron
region. Each construct is numbered on the left; the number of embryos
electroporated with each construct and the frequency of r4-specific lacZ staining
are presented on the right.
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altering additional sites by deleting PM and PH2+PH3
(construct #23) or PM and PH1+PH2+PH3 (construct #24)
led to a major reduction and abolition, respectively, of reporter
staining in r4 (Figs. 5 and 6I). The regulatory analysis in
mouse is in good general agreement with those from chicken
and together they demonstrate that the PM and PH1–PH3
sites all contribute to the in vivo regulatory activity of the
Hoxa2 intronic enhancer.
Each PH element differentially contributes to the
Hoxa2 r4 enhancer activity
To gain further insight into the role and in vivo potential of the
PM and PH1–PH3 elements from the Hoxa2 r4 enhancer, we
generated a series of constructs carrying double-stranded oligo-
nucleotides in which individual or combinations of specific
elements were multimerized and linked to a lacZ reporter gene
(Fig. 7A). Electroporation of a construct carrying three tandem
copies of PH2 site alone (construct #25) or in combination with
the adjacent PM site (construct #26) led to robust reporter
expression in r4 of electroporated embryos, 80% and 50% res-pectively (Fig. 6A–C). In contrast, embryos electroporated with
constructs containing three copies of PH1 (construct #28) or
PH3 (construct #27) showed no reporter staining in r4 (Fig. 6A,
data not shown). However, when PH1 or PH3 are multimerized
in combination with the PM binding site, the regulatory activity
is restored and the electroporated embryos displayed reporter
staining in r4 (Figs. 6A, D and E). These in vivo results are
consistent with our EMSA data (Fig. 4), and illustrate that the
inability of PH1 or PH3 to form Hoxb1–Pbx dimeric or Hoxb1–
Pbx–Prep ternary complexes in the absence of the PM site
directly correlates with their r4 regulatory potential. This lends
further support to the idea that these four sites all cooperate
and are essential to potentiate r4 regulatory activity of the
enhancer.
Over-expression of Hoxb1 and Hoxa2 trans-activates the
Hoxa2 r4 enhancer in vivo
To confirm that the Hoxa2 r4 enhancer functions in vivo as a
Hox-response element we assayed its ability to respond to
ectopic Hoxb1 expression. For this purpose, we used a CMV
promoter/vector containing the human HOXB1 cDNA (CMV+
HOXB1) to generate ectopic HOXB1 and co-electroporated it
with the Hoxa2 r4 reporter construct (construct #5). The Hoxa2
r4 reporter construct alone generated the expected pattern of
staining in r4 (Fig. 8A). However, in the majority of the
embryos (n=18) co-electroporated with the CMV+HOXB1
construct we observed a trans-activation of the lacZ reporter
staining in the hindbrain (Fig. 8B). This observation is
consistent with a previous report showing that Hoxb1a over-
expression in zebrafish embryos led to ectopic expression of
Hoxa2 in more anterior structures (Hunter and Prince, 2002).
The trans-activation of the intronic enhancer by ectopic
HOXB1, in combination with our in vitro binding data, and
results showing that the PH1–PH3 and PM sites are necessary
for r4 enhancer activity and sufficient to potentiate r4
expression together strongly suggest that the expression of
endogenous Hoxa2 in r4 is dependent upon a highly conserved
Hoxb1 cross-regulatory network. Following initial activation of
the enhancer by Hoxb1 it is possible that Hoxa2 and Hoxb2
have the ability to reinforce or maintain r4 expression via this
Hox-responsive enhancer. To investigate this possibility we
also ectopically expressed these proteins and scored for their
ability to activate r4 enhancer activity. We find that ectopic
Hoxa2 robustly induces reporter staining, while Hoxb2 does not
(Fig. 8C; data not shown). This has uncovered a functional
difference between these two group 2 paralogs, and suggests
that Hoxa2 does have the potential to reinforce its own
expression in r4 through this enhancer.
Discussion
In this study, phylogenetic foot-printing and regulatory
analyses have enabled us to characterize the mechanistic basis
for the regulation of Hoxa2 in rhombomere 4. We have iden-
tified a highly conserved region in the Hoxa2 intron of 12 verte-
brate species that functions as an r4 enhancer. Our detailed
Fig. 6. Analysis of PH and Pbx/Meis sites in chicken and mouse. (A–E) Representative electroporated embryos generated with a variety of constructs (A #5, B #9, C
#11, D #15, E #19). (F–I) Ventral view of representative transgenic mouse embryos showing reporter staining directed by various Hoxa2 r4 enhancer constructs
(F #20, G #21, H #22, I #23). The number of the construct used for the electroporation is shown in the left corner in each figure and in addition schematic
diagrams of each construct is shown below each figure. r4, rhombomere 4; ov, otic vesicle.
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sites (PH1–PH3) for Hox–Pbx heterodimeric complexes in
combination with a single binding site (PM) for a Pbx–Prep/
Meis heterodimer within the conserved region co-operate to
regulate enhancer activity in r4. This suggests that the r4-
enhancer from Hoxa2 functions in vivo as a Hox-response mo-
dule in combination with the Hox cofactors, Pbx and Prep/Meis.
In agreement with this idea we found that this r4 enhancer is
capable of mediating a response to ectopicHOXB1 expression in
the hindbrain. A key goal of this study was to determine whether
the basis of Hoxa2 expression in r4 was related to mechanisms
governing the expression of other Hox genes (Hoxb1 and
Hoxb2) in this segment or through a different pathway. Our
findings allows us to further define the r4 regulatory network by
adding Hoxa2 as another target gene of Hoxb1 and reveals that
Hoxa2, along with Hoxb1, Hoxb2 and Hoxa1, is integrated
into a series of auto- and cross-regulatory loops between Hox
genes. This data highlights the important role direct cross-talk
between Hox genes plays in regulating hindbrain patterning and
has a number of interesting implications for building gene
regulatory networks and understanding the regulation and
function of Hox genes in hindbrain development.A model for the gene regulatory network specifying r4 identity
Our finding that the r4 enhancer of Hoxa2 functions as a
Hox-response element opens the question of which Hox pro-
teins are implicated in this activity. During the period of
morphological segmentation and Hoxa2 expression in r4, only
three Hox genes are expressed in this hindbrain segment,
Hoxb1, Hoxb2 and Hoxa2 itself (Hunt et al., 1991). Hoxa1 is
transiently expressed in an earlier stage but rapidly regresses
(Murphy and Hill, 1991). The r4 domain ofHoxa2 expression is
not significantly changed in Hoxa2, Hoxb2 or Hoxa1 mutants,
but is altered in Hoxb1 and Hoxb1;Hoxa1 double mutants in
association with the loss of r4 identity (Davenne et al., 1999;
Gavalas et al., 1997, 1998, 2001, 2003; Studer et al., 1998).
Ectopic expression of Hoxb1 will trans-activate the r4 enhancer
of Hoxa2 in a chicken embryo (Fig. 8B) and induce widespread
expression of endogenous Hoxa2 in zebrafish (Hunter and
Prince, 2002). Hoxb1 protein in conjunction with Prep and Pbx
cofactors bind to sites in the r4 enhancer to form a ternary
complex (Fig. 4), indicative of the potential for productive
transcriptional activation. Despite the fact that r4 expression of
Hoxa2 is not lost in Hoxa2 or Hoxb2 mutant mouse embryos, it
Fig. 7. Analysis of different multimerized constructs in electroporated chick embryos. (A) Diagram shows multimerized elements of each construct. On the right, the
total numbers of embryos are noted and the frequency of r4-specific expression in numbers and percentage. (B–E) Representative electroporated embryos stained with
lacZ (B #25, C #26, D #29, E #30).
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to or help maintain r4 expression via this Hox-responsive
enhancer. We have found that ectopic Hoxa2 is also capable of
trans-activating reporter expression (Fig. 8C). Together these
observations strongly suggest that Hoxb1 plays the major role
in the direct regulation of Hoxa2 expression in r4, in a manner
similar to the direct role Hoxb1 plays in regulating Hoxb2
expression in r4 (Maconochie et al., 1997).
Combining the results of this study with previously
published work on the regulation and function of Hox genes
a model emerges for a gene regulatory network that integrates
the regulatory roles of a combination of Hox genes in
governing the initiation, establishment and maintenance of the
specification of rhombomere 4 identity. In this model (Fig.
9A), the initiation phase for onset of expression of Hoxb1 and
Hoxa1 in the nervous system is directly mediated by retinoids
working through retinoid response elements located in the 3′
flanking region of these genes (Dupé et al., 1997; Gavalas et
al., 1998, 2001; Marshall et al., 1992, 1994; Studer et al.,
1998). This in turn leads to the establishment/maintenance
phase, where Hoxb1 expression is actively upregulated and
maintained in r4 by highly conserved auto- and cross-
regulatory mechanisms, involving the direct interactions of
Hoxb1 and Hoxa1 proteins and cofactors with a Hox-
responsive cis-element located 5′ of Hoxb1 (Gavalas et al.,
1998, 2001, 2003; Pöpperl et al., 1995; Studer et al., 1998;
Tvrdik and Capecchi, 2006). It is interesting that the Prep/Meis and Pbx co-factors are present before the onset of Hox
expression, hence potentiating these auto- and cross-regulatory
loops is rapidly triggered by initial activation of Hox
expression. This expression is restricted to r4 through the
action of repressor regions that inhibit Hoxb1 expression in
adjacent rhombomeres (Studer et al., 1994). Hoxb1, itself then
directly regulates the expression of Hoxb2 (Maconochie et al.,
1997) and Hoxa2 in r4 and Hoxb2 also feeds back on Hoxb1
to contribute to later aspects of its expression in r4 (Davenne
et al., 1999; Gavalas et al., 2003; Pattyn et al., 2003). Finally
Hoxb2 and Hoxa2 provide some feedback into their own and
each others expression. Hence, transient early retinoid activity
triggers a series of direct auto- and cross-regulatory feedback
loops or lockdown circuitry between Hoxa1, Hoxb1 and
Hoxb2 that form the basis of a major gene regulatory network
governing specification of r4 identity (Fig. 9A). The nature
and severity of segmental and neuronal defects observed in
Hoxa1, Hoxb1, Hoxb2 and Hoxa2 mouse mutants correlates
well with the respective positions of these genes in this
regulatory hierarchy and identified Hoxb1 as a critical node
for coordinating regulatory events (Davenne et al., 1999;
Gavalas et al., 2003). This gene regulatory network clearly
illustrates the pivotal role of direct cross-talk between the Hox
genes in hindbrain patterning and similar positive and/or
negative auto- and cross-regulatory relationships are likely to
be functioning in association with the roles of Hox genes in
patterning neural development in the spinal cord (Dasen et al.,
Fig. 8. The r4 enhancer of Hoxa2 is trans-activated in vivo by Hoxb1 and
Hoxa2. (A) Control embryo electroporated with the Hoxa2 r4 reporter
construct (construct #5), showing r4 restricted expression in the hindbrain. (B)
Embryo which has been electroporated with the Hoxa2 r4 enhancer and
expression construct containing the human HOXB1 gene driven by a CMV
promoter. (C) Embryo which has been electroporated with the Hoxa2 r4
enhancer and expression construct containing the mouse Hoxa2 gene driven by
a CMV promoter.
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assigning phenotypes to a given Hox gene in mutational
analysis, as multiple Hox gene expression patterns may be
influenced by these feedback loops.
An implication of the proposed model is that Hoxa2
expression in the hindbrain is subservient to upstream factors,
such as Hoxb1 and Krox20 for segmental expression in r4
and r3/r5, respectively. However, this does not rule out the
possibility that other regulatory elements present in the
Hoxa2 locus or HoxA complex might respond directly to
posteriorizing factors (Fgfs, Wnt, and/or RA) and contribute
to initiation of early Hoxa2 expression. For example the
retinoid response elements downstream of Hoxa1 may be
shared between Hoxa1 and Hoxa2.
The Hoxa2 r4 enhancer and species variations
The core components of the Hoxa2 r4 module consists of
three Hox/Pbx sites (PH1–PH3) and one Prep/Meis (PM) site.
The PM element displays no variation among the analyzed
species and the PH2 site is highly conserved among different
species, although not identical (Fig. 3B). Intriguingly, the
regions between the PM and the PH sites also exhibit a fairly
high degree of conservation. This might reflect the involve-
ment of additional components in conjunction with the Hox,
Pbx and Prep/Meis factors and their sites. However, there is
evidence to suggest that suppression of indels (small
insertions and deletions) in regions adjacent to clustered cis-
elements in a regulatory module can contribute to a larger
region of conservation than the critical binding sites
themselves (Cameron et al., 2005). The PH1 and PH3 sites
show a higher degree of divergence between amniotes and
fishes (Fig. 3B). Our functional analysis in mouse andchicken suggests that there are slight differences in the
relative contribution of each of the Hoxa2 r4 enhancer
elements (Figs. 5 and 6). The conserved region in the intron
of Hoxa2 was present in all vertebrates analyzed, except in
the frog orthologous genomic sequence, where no conserva-
tion was found in Xenopus laevis or in tropicalis (data not
shown). This observation is intriguing, because Hoxa2 is
expressed in r4 in Xenopus laevis (Pasqualetti et al., 2000).
Therefore, either a different regulatory mechanism is respon-
sible for r4 expression in frog embryos or this module has
altered its position in the evolution of frogs. We were unable
to find a PM or PH sites in searching genomic regions.
Conservation and diversity of the regulatory elements of group
2 Hox genes
There are interesting similarities and differences in the cis-
regulatory components involved in segmental gene expression
of the group 2 paralogs, Hoxa2 and Hoxb2. We found that
the Hoxa2 r4 enhancer is located in the intron and no similar
sequence or subset of sites is found in the intron of the
Hoxb2 gene (Fig. 9B). In contrast, the Hoxb2 r4 enhancer is
located 5′ of the gene, immediately adjacent to the r3/5
module, and no similar sequence or subset of binding sites is
observed in this region of Hoxa2 (Fig. 1A). The numbers of
PH sites differ between the two modules as there are three PH
sites in the Hoxa2 intron and only one in the Hoxb2 r4
enhancer. This raises the interesting question of whether the
r4 regulatory regions in vertebrates arose prior to and/or after
the duplication of the Hox genes in vertebrate evolution.
Relevant to this issue, in mouse and chicken embryos the
expression of Hoxa2 and Hoxb2 in r3 and r5 is regulated by
Krox20-dependent enhancers located in their 5′ flanking
regions (Fig. 9B), a similar distance from their ATG start
codons (Nonchev et al., 1996b; Sham et al., 1993). There is
no obvious sequence conservation between these two r3/r5
enhancers, but sequence comparisons of each enhancer in a
wide range of vertebrates indicate that it is highly conserved
between species (Maconochie et al., 2001; Nonchev et al.,
1996a; Scemama et al., 2002; Tümpel et al., 2002). Despite
the lack of overall sequence conservation, the Hoxa2 and
Hoxb2 r3/r5 enhancers do possess many of the same binding
sites (Krox20, Sox, TCT, etc.) for factors required for their
activity, but the number and relative organization of these
sites is different (Fig. 9B, Maconochie et al., 2001; Nonchev
et al., 1996a; Scemama et al., 2002; Tümpel et al., 2002).
Genomic comparisons have revealed that the relative 5′ and
3′ positions of the r3/r5 and the r4 enhancers of Hoxb2 can
be reversed in several species (Scemama et al., 2002),
indicating that they are not rigidly constrained as a unit. In
the Hoxa2 locus, a neural crest regulatory module has been
found to overlap with the r3/r5 module (Maconochie et al.,
1999), but this is not present in Hoxb2. Recently, binding
regions for the nuclear matrix protein Satb2, involved in
regulation of osteoblast expression, have been found 3′ of
both Hoxa2 and Hoxb2 (Dobreva et al., 2006). Therefore, it
is possible that the Krox20-dependent r3/5 and the Satb2
Fig. 9. The rhombomere 4 network and comparison of the regulatory modules of the paralogous members Hoxa2 and Hoxb2. (A) Hoxa2 is a component of the Hoxb1
regulatory network in rhombomere 4. Solid lines indicate verified direct interactions and dashed lines interactions that may be direct or indirect. (B) Comparison of the
Hoxa2 and Hoxb2 regulatory modules for r3/5 and r4 expression. Note that in both cases the r3/5 regulatory elements are located in the intergenic region, whereas the
r4 elements directing r4 expression of Hoxa2 are located in the intron and the elements for Hoxb2 expression adjacent to the r3/5 module in the intergenic region.
658 S. Tümpel et al. / Developmental Biology 302 (2007) 646–660regulatory modules were present prior to the duplication of
the Hox clusters and that the r4 enhancers evolved
independently, despite using many of the same upstream
factors. However, the observations noted above, suggest the
possibility that many of the cis-regulatory modules for
hindbrain and other domains of expression of the group 2
genes may have been present before the duplication of Hox
clusters. Because these enhancers can function as modular
units independent of each other, there is a potential for
flexibility or plasticity in their relative organization, such that
they were able to alter their relative position in the cluster and
the orientation of individual sub-modular components follow-
ing cluster duplication. If so, this has important implicationsfor the use of sequence comparisons and phylogenetic
footprinting in deciphering the cis-regulatory elements of
conserved gene regulatory networks.
Acknowledgments
We thank C. Cretekos and R. Behringer for the bat
genomic DNA phage library (NSF Grant IBN0220458) and
H. Bolouri for providing the BioTapestry gene regulatory
network software and advice on its use. ST was a recipient of
a Boehringer Ingelheim Fonds Pre-doctoral Fellowship and
this work was done to fulfill, in part, requirements for his
PhD thesis research as a student registered with the Open
659S. Tümpel et al. / Developmental Biology 302 (2007) 646–660University. This work was funded by the Stowers Institute for
Medical Research.
References
Barrow, J., Capecchi,M., 1999. Compensatory defects associated with mutations
inHoxa1 restore normal palatogenesis toHoxa2mutants. Development 126,
5011–5026.
Berthelsen, J., Zappavigna, V., Ferretti, E., Mavilio, F., Blasi, F., 1998a. The
novel homeoprotein Prep1 modulates Pbx–Hox protein cooperativity.
EMBO J. 17, 1434–1445.
Berthelsen, J., Zappavigna, V., Mavilio, F., Blasi, F., 1998b. Prep1, a novel
functional partner of Pbx proteins. EMBO J. 17, 1423–1433.
Bonfield, J.K., Smith, K., Staden, R., 1995. A new DNA sequence assembly
program. Nucleic Acids Res. 23, 4992–4999.
Briscoe, J., Wilkinson, D.G., 2004. Establishing neuronal circuitry: hox genes
make the connection. Genes Dev. 18, 1643–1648.
Cameron, R.A., Chow, S.H., Berney, K., Chiu, T.Y., Yuan, Q.A., Kramer, A.,
Helguero, A., Ransick, A., Yun, M., Davidson, E.H., 2005. An evolutionary
constraint: strongly disfavored class of change in DNA sequence during
divergence of cis-regulatory modules. Proc. Natl. Acad. Sci. U. S. A. 102,
11769–11774.
Chan, S.-K., Jaffe, L., Capovilla, M., Botas, J., Mann, R.S., 1994. The DNA
binding specificity of Ultrabithorax is modulated by cooperative interactions
with extradenticle, another homeoprotein. Cell 78, 603–615.
Chen, J., Ruley, H., 1998. An enhancer element in the EphA2 (Eck) gene
sufficient for rhombomere-specific expression is activated by Hoxa1 and
Hoxb1 homeobox proteins. J. Biol. Chem. 273, 24670–24675.
Cretekos, C.J., Rasweiler, J.J., Behringer, R.R., 2001. Comparative studies on
limb morphogenesis in mice and bats: a functional genetic approach towards
a molecular understanding of diversity in organ formation. Reprod. Fertil.
Dev. 13, 691–695.
Dasen, J.S., Liu, J.P., Jessell, T.M., 2003. Motor neuron columnar fate imposed
by sequential phases of Hox-c activity. Nature 425, 926–933.
Dasen, J.S., Tice, B.C., Brenner-Morton, S., Jessell, T.M., 2005. A Hox
regulatory network establishes motor neuron pool identity and target-muscle
connectivity. Cell 123, 477–491.
Davenne, M., Maconochie, M.K., Neun, R., Pattyn, A., Chambon, P., Krumlauf,
R., Rijli, F.M., 1999. Hoxa2 and Hoxb2 control dorsoventral patterns of
neuronal development in the rostral hindbrain. Neuron 22, 677–691.
Dobreva, G., Chahrour, M., Dautzenberg, M., Chirivella, L., Kanzler, B.,
Farinas, I., Karsenty, G., Grosschedl, R., 2006. SATB2 is a multifunctional
determinant of craniofacial patterning and osteoblast differentiation. Cell
125, 971–986.
Dupé, V., Davenne, M., Brocard, J., Dollé, P., Mark, M., Dierich, A., Chambon,
P., Rijli, F., 1997. In vivo functional analysis of the Hoxa1 3′ retinoid
response element (3′ RARE). Development 124, 399–410.
Ellies, D.L., Krumlauf, R., 2006. Bone formation: the nuclear matrix reloaded.
Cell 125, 840–842.
Ferretti, E., Marshall, H., Pöpperl, H., Maconochie, M., Krumlauf, R., Blasi, F.,
2000. Segmental expression of Hoxb2 in r4 requires two separate sites that
integrate cooperative interactions between Prep1, Pbx and Hox proteins.
Development 127, 155–166.
Ferretti, E., Cambronero, F., Tümpel, S., Longobardi, E., Wiedemann, L.M.,
Blasi, F., Krumlauf, R., 2005. The Hoxb1 enhancer and control of
rhombomere 4 expression: complex interplay between PREP1–PBX1–
HOXB1 binding sites. Mol. Cell. Biol. 25, 8541–8552.
Fraser, S., Keynes, R., Lumsden, A., 1990. Segmentation in the chick embryo
hindbrain is defined by cell lineage restrictions. Nature 344, 431–435.
Frasch, M., Chen, X., Lufkin, T., 1995. Evolutionary-conserved enhancers
direct region-specific expression of the murine Hoxa-1 and Hoxa-2 loci in
both mice and Drosophila. Development 121, 957–974.
Gaufo, G.O., Wu, S., Capecchi, M.R., 2004. Contribution of Hox genes to the
diversity of the hindbrain sensory system. Development 131, 1259–1266.
Gavalas, A., Davenne, M., Lumsden, A., Chambon, P., Rijli, F.M., 1997. Role of
Hoxa-2 in axon pathfinding and rostral hindbrain patterning. Development
124, 3693–3702.Gavalas, A., Studer, M., Lumsden, A., Rijli, F.M., Krumlauf, R., Chambon, P.,
1998. Hoxa1 and Hoxb1 synergize in patterning the hindbrain, cranial
nerves and second pharyngeal arch. Development 125, 1123–1136.
Gavalas, A., Trainor, P., Ariza-McNaughton, L., Krumlauf, R., 2001. Synergy
between Hoxa1 and Hoxb1: the relationship between arch patterning and the
generation of cranial neural crest. Development 128, 3017–3027.
Gavalas, A., Ruhrberg, C., Livet, J., Henderson, C.E., Krumlauf, R., 2003.
Neuronal defects in the hindbrain of Hoxa1, Hoxb1 and Hoxb2 mutants
reflect regulatory interactions among these Hox genes. Development 130,
5663–5679.
Gendron-Maguire, M., Mallo, M., Zhang, M., Gridley, T., 1993. Hoxa-2 mutant
mice exhibit homeotic transformation of skeletal elements derived from
cranial neural crest. Cell 75, 1317–1331.
Goddard, J., Rossel, M., Manley, N., Capecchi, M., 1996. Mice with targeted
disruption of Hoxb1 fail to form the motor nucleus of the VIIth nerve.
Development 122, 3217–3228.
Hunt, P., Gulisano, M., Cook, M., Sham, M.H., Faiella, A., Wilkinson, D.,
Boncinelli, E., Krumlauf, R., 1991. A distinct Hox code for the branchial
region of the vertebrate head. Nature 353, 861–864.
Hunter, M.P., Prince, V.E., 2002. Zebrafish hox paralogue group 2 genes
function redundantly as selector genes to pattern the second pharyngeal arch.
Dev. Biol. 247, 367–389.
Itasaki, N., Bel-Vialar, S., Krumlauf, R., 1999. “Shocking” developments in
chick embryology: electroporation and in ovo gene expression. Nat. Cell
Biol. 1, E203–E207.
Jacobs, Y., Schnabel, C.A., Cleary, M.L., 1999. Trimeric association of Hox and
TALE homeodomain proteins mediates Hoxb2 hindbrain enhancer activity.
Mol. Cell. Biol. 19, 5134–5142.
Kandel, E.R., Schwartz, J.H., Jessell, T.M., 2000. Principles of neural science.
McGraw-Hill, New York.
Keynes, R., Krumlauf, R., 1994. Hox genes and regionalization of the nervous
system. Annu. Rev. Neurosci. 17, 109–132.
Le Douarin, N., 1983. The Neural Crest. Cambridge Univ. Press, Cambridge.
Longabaugh, W.J., Davidson, E.H., Bolouri, H., 2005. Computational
representation of developmental genetic regulatory networks. Dev. Biol.
283, 1–16.
Lumsden, A., Krumlauf, R., 1996. Patterning the vertebrate neuraxis. Science
274, 1109–1115.
Maconochie, M., Nonchev, S., Morrison, A., Krumlauf, R., 1996. Paralogous
Hox genes: function and regulation. Annu. Rev. Genet. 30, 529–556.
Maconochie, M.K., Nonchev, S., Studer, M., Chan, S.K., Popperl, H., Sham,
M.H., Mann, R.S., Krumlauf, R., 1997. Cross-regulation in the mouse
HoxB complex: the expression of Hoxb2 in rhombomere 4 is regulated
by Hoxb1. Genes Dev. 11, 1885–1896.
Maconochie, M., Krishnamurthy, R., Nonchev, S., Meier, P., Manzanares, M.,
Mitchell, P.J., Krumlauf, R., 1999. Regulation of Hoxa2 in cranial neural
crest cells involves members of the AP-2 family. Development 126,
1483–1494.
Maconochie, M.K., Nonchev, S., Manzanares, M., Marshall, H., Krumlauf, R.,
2001. Differences in Krox20-dependent regulation of Hoxa2 and Hoxb2
during hindbrain development. Dev. Biol. 233, 468–481.
Mann, R.S., Affolter, M., 1998. Hox proteins meet more partners. Curr. Opin.
Genet. Dev. 8, 423–429.
Mann, R., Chan, S.-K., 1996. Extra specificity from extradenticle: the
partnership between HOX and PBX/EXD homeodomain proteins. TIG 12,
258–262.
Manzanares, M., Bel-Vialer, S., Ariza-McNaughton, L., Ferretti, E., Marshall,
H., Maconochie, M.K., Blasi, F., Krumlauf, R., 2001. Independent
regulation of initiation and maintenance phases of Hoxa3 expression in
the vertebrate hindbrain involves auto and cross-regulatory mechanisms.
Development 128, 3595–3607.
Marshall, H., Nonchev, S., Sham, M.H., Muchamore, I., Lumsden, A.,
Krumlauf, R., 1992. Retinoic acid alters hindbrain Hox code and induces
transformation of rhombomeres 2/3 into a 4/5 identity. Nature 360,
737–741.
Marshall, H., Studer, M., Pöpperl, H., Aparicio, S., Kuroiwa, A., Brenner, S.,
Krumlauf, R., 1994. A conserved retinoic acid response element required for
early expression of the homeobox gene Hoxb-1. Nature 370, 567–571.
660 S. Tümpel et al. / Developmental Biology 302 (2007) 646–660McGinnis, W., Krumlauf, R., 1992. Homeobox genes and axial patterning. Cell
68, 283–302.
Moens, C.B., Selleri, L., 2006. Hox cofactors in vertebrate development. Dev.
Biol. 291, 193–206.
Murphy, P., Hill, R.E., 1991. Expression of the mouse labial-like homeobox-
containing genes, Hox 2.9 and Hox 1.6, during segmentation of the
hindbrain. Development 111, 61–74.
Nolte, C., Krumlauf, R., in press. Expression of Hox genes in the
nervous system of vertebrates. In “HOX Gene Expression” (S.
Papageorgiou, Ed.), Epub ahead print http://www.eurekah.com/abstract.
php?chapid=3056&bookid=216&catid=30. Landes Bioscience and
Springer, Austin, TX.
Nonchev, S., Maconochie, M., Vesque, C., Aparicio, S., Ariza-McNaughton, L.,
Manzanares, M., Maruthainar, K., Kuroiwa, A., Brenner, S., Charnay, P.,
Krumlauf, R., 1996a. The conserved role of Krox-20 in directing Hox gene
expression during vertebrate hindbrain segmentation. Proc. Natl. Acad. Sci.
U. S. A. 93, 9339–9345.
Nonchev, S., Vesque, C., Maconochie, M., Seitanidou, T., Ariza-McNaughton,
L., Frain, M., Marshall, H., Sham, M.H., Krumlauf, R., Charnay, P., 1996b.
Segmental expression of Hoxa-2 in the hindbrain is directly regulated by
Krox-20. Development 122, 543–554.
Noro, B., Culi, J., McKay, D.J., Zhang, W., Mann, R.S., 2006. Distinct functions
of homeodomain-containing and homeodomain-less isoforms encoded by
homothorax. Genes Dev. 20, 1636–1650.
Pasqualetti, M., Ori, M., Nardi, I., Rijli, F.M., 2000. Ectopic Hoxa2 induction
after neural crest migration results in homeosis of jaw elements in Xenopus.
Development 127, 5367–5378.
Pattyn, A., Vallstedt, A., Dias, J.M., Samad, O.A., Krumlauf, R., Rijli, F.M.,
Brunet, J.F., Ericson, J., 2003. Coordinated temporal and spatial control of
motor neuron and serotonergic neuron generation from a common pool of
CNS progenitors. Genes Dev. 17, 729–737.
Pöpperl, H., Bienz, M., Studer, M., Chan, S., Aparicio, S., Brenner, S., Mann,
R., Krumlauf, R., 1995. Segmental expression of Hoxb1 is controlled by a
highly conserved autoregulatory loop dependent upon exd/Pbx. Cell 81,
1031–1042.
Pöpperl, H., Rikhof, H., Chang, H., Haffter, P., Kimmel, C.B., Moens, C.B.,
2000. lazarus is a novel pbx gene that globally mediates hox gene function
in zebrafish. Mol. Cell 6, 255–267.
Ren, S.Y., Angrand, P.O., Rijli, F.M., 2002. Targeted insertion results in a
Rhombomere 2-specific Hoxa2 knockdown and ectopic activation of Hoxa1
expression. Dev. Dyn. 225, 305–315.
Rieckhof, G.E., Casares, F., Ryoo, H.D., Abu-Shaar, M., Mann, R.S., 1997.
Nuclear translocation of extradenticle requires homothorax, which
encodes an extradenticle-related homeodomain protein. Cell 91,
171–183.
Rijli, F.M., Mark, M., Lakkaraju, S., Dierich, A., Dollé, P., Chambon, P., 1993.
A homeotic transformation is generated in the rostral branchial region of the
head by disruption of Hoxa-2, which acts as a selector gene. Cell 75,
1333–1349.Rossel, M., Capecchi, M.R., 1999. Mice mutant for both Hoxa1 and Hoxb1
show extensive remodeling of the hindbrain and defects in craniofacial
development. Development 126, 5027–5040.
Scemama, J.L., Hunter, M., McCallum, J., Prince, V., Stellwag, E., 2002.
Evolutionary divergence of vertebrate Hoxb2 expression patterns and
transcriptional regulatory loci. J. Exp. Zool. 294, 285–299.
Schuler, G.D., Altschul, S.F., Lipman, D.J., 1991. A workbench for multiple
alignment construction and analysis. Proteins 9, 180–190.
Sham, M.H., Vesque, C., Nonchev, S., Marshall, H., Frain, M., Das Gupta, R.D.,
Whiting, J., Wilkinson, D., Charnay, P., Krumlauf, R., 1993. The zinc finger
gene Krox-20 regulates Hoxb-2 (Hox2.8) during hindbrain segmentation.
Cell 72, 183–196.
Studer, M., Pöpperl, H., Marshall, H., Kuroiwa, A., Krumlauf, R., 1994. Role of
a conserved retinoic acid response element in rhombomere restriction of
Hoxb-1. Science 265, 1728–1732.
Studer, M., Lumsden, A., Ariza-McNaughton, L., Bradley, A., Krumlauf, R.,
1996. Altered segmental identity and abnormal migration of motor neurons
in mice lacking Hoxb-1. Nature 384, 630–635.
Studer, M., Gavalas, A., Marshall, H., Ariza-McNaughton, L., Rijli, F.,
Chambon, P., Krumlauf, R., 1998. Genetic interaction between Hoxa1 and
Hoxb1 reveal new roles in regulation of early hindbrain patterning.
Development 125, 1025–1036.
Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. CLUSTAL W: improving
the sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res. 22, 4673–4680.
Trainor, P.A., Krumlauf, R., 2000. Patterning the cranial neural crest: hindbrain
segmentation and Hox gene plasticity. Nature Reviews Neuroscience 1,
116–124.
Trainor, P.A., Krumlauf, R., 2001. Hox genes, neural crest cells and branchial
arch patterning. Curr. Opin. Cell Biol. 13, 698–705.
Tümpel, S., Maconochie, M., Wiedemann, L.M., Krumlauf, R., 2002.
Conservation and diversity in the cis-regulatory networks that integrate
information controlling expression of Hoxa2 in hindbrain and cranial neural
crest cells in vertebrates. Dev. Biol. 246, 45–56.
Tvrdik, P., Capecchi, M.R., 2006. Reversal of hox1 gene subfunctionalization in
the mouse. Dev. Cell 11, 239–250.
Vesque, C., Maconochie, M., Nonchev, S., Ariza-McNaughton, L., Kuroiwa,
A., Charnay, P., Krumlauf, R., 1996. Hoxb-2 transcriptional activation in
rhombomeres 3 and 5 requires an evolutionarily conserved cis-acting
element in addition to the Krox-20 binding site. EMBO J. 15,
5383–5896.
Waskiewicz, A.J., Rikhof, H.A., Hernandez, R.E., Moens, C.B., 2001. Zebrafish
Meis functions to stabilize Pbx proteins and regulate hindbrain patterning.
Development 128, 4139–4151.
Whiting, J., Marshall, H., Cook, M., Krumlauf, R., Rigby, P.W.J., Stott, D.,
Allemann, R.K., 1991. Multiple spatially specific enhancers are required to
reconstruct the pattern of Hox-2.6 gene expression. Genes Dev. 5,
2048–2059.
